Production engineers are frequently faced with the multi-criteria selection problems in the manufacturing environment. Over the years, many multi-criteria decision making (MCDM) methods have been proposed to help decision makers in solving different complex selection problems. This paper introduces the use of an almost unexplored MCDM method, i.e. range of value (ROV) method for solving cutting fluid selection problems. The main motivation of using the ROV method is that it offers a very simple computational procedure compared to other MCDM methods. Applicability and effectiveness of the ROV method have been demonstrated while solving four case studies dealing with selection of the most suitable cutting fluid for the given machining application. In each case study the obtained complete rankings were compared with those derived by the past researchers using different MCDM methods. The results obtained using the ROV method have excellent correlation with those derived by the past researchers which validate the usefulness and effectiveness of this simple MCDM method for solving cutting fluid selection problems.
Introduction
During machining processes due to plastic deformation of workpiece material a much heat is generated in the cutting zone as a consequence of friction between cutting tools, chips and workpiece material. The heat generation increases the temperature of both the work piece and the tool point, resulting in decrease in hardness, and hence tool life. The prediction of a workpiece temperature is very important for cutting fluid selection (Tanikic, 2010) . The machined surface will also be less smooth, and the possibility of built-up edge increases (Rao, 2007) . In order to reduce the friction, heat transfer and to remove metal particles away from the cutting zone, during machining operation cutting fluids/lubricants are widely used in metal cutting industries (Abhang & Hameedullah 2012) . By reducing the friction, cutting forces during machining are decreased and also wear process of the cutting tool is slowed i.e. tool life is increased. The actual machining process can be carried out without the use of cutting fluids, but in this case the intensity of tool wear is high and the machined surface is of lower quality (Radovanović, 2002) .
Cutting fluids/lubricants have different effects including cooling, lubricating, mechanical, diffuse and flushing. Besides cutting fluids should fulfill some additional requirements i.e. they should not be harmful to human health and environment, they should be readily biodegradable and they should not generate smoke when machining (Radovanović, 2002) . Since cutting fluids serve many useful functions during machining, and on the other hand incur a major portion of the total manufacturing cost (Klocke & Eisenblätter 1997) , the appropriate selection of cutting fluids is very important. Selection of the most suitable cutting fluid in any machining process must be carried out to obtain a maximum benefit (Çakīr et al., 2007) . However, as noted by Rao (2007) , since there is almost no standardized method available for this purpose, the selection of cutting fluids is more an art, than a science. The existing procedure of cutting fluid selection for any given machining application is mainly defined considering the used cutting tools, workpiece material combination and the machining process itself (Rao, 2007; Abhang & Hameedullah 2012) .
The most important parameter in the selection of cutting fluids is the characteristics of machining process. Variety of machining processes would indicate relation between workpiece material-cutting tool-chip combinations. The most difficult machining process will need to use more cutting fluid (Çakīr et al., 2007) . The competitive cutting fluids are usually evaluated by considering some important machining performance measures i.e. criteria such as tool wear, cutting forces, temperature in the cutting zone, power consumption, surface finish, material removal rate, dimensional accuracy etc. In order to deal with a number of conflicting criteria in a systematical approach decision makers in manufacturing environment i.e. production engineers can rely on the use of multi-criteria decision making (MCDM) methods which have been proven as powerful mathematical tools for solving ranking and selection problems. From the literature it appears that there are still only few applications of MCDM methods for solving the lubricant/cutting fluids selection problems. Rao and Gandhi (2002) proposed graph theory and matrix approach (GTMA) method for the selection, identification and comparison of cutting fluids. Sun et al. (2001) reported a two-grade fuzzy synthetic decision-making system with use of an analytic hierarchy process (AHP) for evaluating the performance of grinding fluids. Tan et al. (2002) developed a multi-objective decision making model for the cutting fluid selection in the gear hobbing process. The obtained results showed practically and usefulness of the developed model. For the performance evaluation of cutting fluids for green manufacturing Rao (2004) proposed a combined multiple attribute decision making method. Rao (2007) demonstrated the application of different MCDM methods such as GTMA, simple additive weighting (SAW) method, weighted product method (WPM), AHP and its versions, technique for order of preference by similarity to ideal solution (TOPSIS) and modified TOPSIS methods on two examples. Rao and Patel (2010) presented an approach for the selection of cutting fluids by using improved preference ranking organization method for enrichment evaluation (PROMETHEE) method. Abhang and Hameedullah (2012) applied combined TOPSIS and AHP method for the selection of cutting fluids while machining En-31 steel workpiece with tungsten carbide inserts. Chakraborty and Zavadskas (2014) investigated the applicability of weighted aggregated sum product assessment (WASPAS) method for solving different decision making problems in manufacturing environment, including the cutting fluid selection problem. Deshamukhya and Ray (2014) by using AHP method developed a decision support system in the unstructured environment in order to select the optimum cutting fluid which will result in least environmental impacts. Three cutting fluids were considered for the purpose and the one with most favorable qualities was considered as the optimum cutting fluid which will favor green manufacturing. The proposed model considered the following criteria: environmental impact, cost and qualities. The MCDM model developed by Deshamukhya and Ray (2014) was used by Jagadish and Ray (2014) for the purpose of analysis of the recently developed MCDM method, i.e. multi-objective optimisation on the basis of simple ratio analysis (MOOSRA) method. Tiwari and Sharma (2015) defined decision matrix for selection of the most suitable cutting fluid in the case of turning of AISI304L. For the purpose of evaluation and ranking of several vegetable and commercial cutting fluid two MCDM methods were applied.
In this paper an attempt has been made to investigate the applicability of an almost unexplored MCDM method, i.e. range of value (ROV) method for solving the cutting fluid selection problems. The main motivation of using the ROV method is that it offers a very simple computational procedure compared to other MCDM methods, and moreover, till date this method has very limited applications in the machining domain. Three case studies dealing with selection of the most suitable cutting fluid for the given machining application were solved to demonstrate its applicability and effectiveness. The results obtained using the ROV method were compared with the results of other MCDM methods used by previous researchers.
Range of value method
The range of value (ROV) method was proposed by Yakowitz et al. (1993) . This method requires only ordinal specification of criteria importance from a decision maker. Thus, in situations where decision makers are facing problems in supplying quantitative weights, the application of the ROV method can be particularly useful (Hajkowicz & Higgins 2008) .
The application of any MCDM method for solving a decision-making problem usually involves the three main steps, i.e. i) determination of the relevant conflicting criteria and feasible alternatives, ii) measurement of the relative importance of the considered criteria and impact of the alternatives on those criteria, and iii) determination of the performance measures of the alternatives for ranking (Chakraborty and Chatterjee 2013) . The procedure of the application of the MOORA method is simple and consists of the following steps:
Step 1: The ROV method starts with setting the goals and identification of the relevant criteria for evaluating available alternatives.
Step 2: In this step, based on the available information about the alternatives, decision-making matrix or decision table is set. Each row refers to one alternative, and each column to one criterion. The initial decision matrix, X, is: 
where xij is the performance measure of i-th alternative with respect to j-th criterion, m is the number of alternatives and n is the number of criteria.
Step 3. In this step performance measures of alternatives are normalized -defining values ij x of normalised decision-making matrix X . (2) For beneficial criteria, whose preferable values are maxima, normalization is done by using linear transformation (Hajkowicz & Higgins, 2008 Step 4. The application of the ROV method involves the calculation of the best and worst utility for each alternative. This is achieved by maximizing and minimizing a utility function. For a linear additive model, the best utility (ui Step 5. In this final step the complete ordinal ranking of the alternatives is obtained on the basis of ui values. Thus, the best alternative has the highest ui value and the worst alternative has the lowest ui value.
Illustrative examples
In order to demonstrate computation and applicability of the ROV method for solving cutting fluid selection problem, the following four case studies are illustrated. In each case study the results obtained by previous researchers using different MCDM methods and the results obtained using the ROV method were compared and discussed.
Case study 1
Rao and Patel (2010) presented an improved PROMETHEE based approach for solving cutting fluid selection problem for a cylindrical grinding operation. Four cutting fluid i.e. alternatives were evaluated based on eight criteria such as wheel wear (WW), tangential force (TF), grinding temperature (GT), surface roughness (SR), recyclability (R), toxic harm rate (TH), environment pollution tendency (EP) and stability (S). Four cutting fluid properties, i.e. R, TH, EP and S were expressed in linguistic terms which were converted to corresponding fuzzy scores as explained by Rao (2007) . Among the eight selection criteria, R and S are the only beneficial criteria. The data for this cutting fluid selection problem are given in Table 1 . . This set of criteria weights was employed here for the ROV method-based analysis. The detailed computational procedure of the ROV method for solving the cutting fluid selection problem is as follows. Firstly by using Eqs. 3 and 4 for beneficial and non-beneficial criteria, respectively, the normalized decisionmaking matrix is obtained (Table 2) .
Table 2
Normalized decision matrix for case study 1 Subsequently, by using Eq. (5) and Eq. (6) the best and the worst utility functions for each alternative were calculated. Finally, the ui values of all alternatives with respect to the considered criteria were estimated by using Eq. (7). Table 3 exhibits results of the ROV method upon which complete ranking of the cutting fluids was obtained. As could be seen from Table 3 by applying the ROV method, the ranking of cutting fluids is obtained as 4-2-3-1. Cutting fluid 4 is observed to be the most appropriate for this machining application. Cutting fluid 2 has the second preference and cutting fluid 1 is the least favored. By applying the PROMETHEE method, Rao and Patel (2010) derived a ranking list of the alternatives as 4-2-3-1. It can be observed that the complete ranking order of the alternatives obtained by ROV and PROMETHEE methods perfectly matches. The same cutting fluid selection problem was solved by Chakraborty and Zavadskas (2014) by applying the recently developed weighted aggregated sum product assessment (WASPAS) method. For
(λ is parameter that figure in WASPAS method having values between 0 and 1), the application of the WASPAS method produces the same ranking as ROV and PROMETHEE methods.
Case study 2
In order to select a right lubricant from amongst a number of lubricants during the machining of En-31 steel work piece with tungsten carbide inserts, Abhang and Hameedullah (2012) applied combined MCDM approach. The selection procedure was based on a combined TOPSIS and AHP methods. Abhang and Hameedullah (2012) considered chip-tool interface temperature (Tc), cutting force (Fc), tool wear (Tw) and surface roughness (Ra) as selection criteria. All these criteria belong to the category of so called non-beneficial criteria where smaller values are desirable. Also these are quantitative in nature, having absolute numerical values obtained after conducting three experimental trials for each cutting condition. In the experiment, dry, wet and minimum quantity of cutting fluid (graphite, MoS2 and boric acid powder mixed with base oil SAE-40 by weight separately) for environmentally conscious manufacturing process were investigated. In sum, 9 cutting conditions i.e. alternatives were analyzed. Based on experimental data, Abhang and Hameedullah (2012) developed the following decision matrix (Table 4) . Using the AHP method, Abhang and Hameedullah (2012) determined the relative importance of criteria i.e. the criteria weights were obtained as: . For the comparison purpose in this paper the same criteria weights were used for the ROV method-based analysis. First, by using Eq. (3) and Eq. (4) for beneficial and non-beneficial criteria, respectively, the normalized decision-making matrix is obtained. Subsequently, by applying Eq. (5) and Eq. (6), the best and the worst utility functions for each alternative were calculated. Finally, the ui values of all alternatives with respect to the considered criteria were estimated by using Eq. (7). The computational details of the ROV method for the case study 2 are given in Table 5 . Note, since there were no beneficial criteria, ui + values for all alternatives are equal to 0. As could be seen from Table 5 by applying the ROV method, ranking of cutting fluids is obtained as 5-8-4-3-7-6-9-2-1. It is observed that that the 10% boric acid mixed with SAE-40 base oil is the best cutting fluid. On the other hand dry machining represents the least preferred cutting condition. By applying the combined TOPSIS and AHP methods, Abhang and Hameedullah (2012) obtained the ranking list of the cutting fluids as 5-8-4-3-7-6-9-2-1. Again, it can be observed that the complete ranking order of the alternatives obtained by ROV and TOPSIS methods perfectly matches.
Case study 3
Rao (2007) presented the results of a cylindrical turning conducted for the purpose of evaluation of most common, commercially available metal cutting fluids, namely, water soluble, straight mineral, chlorinated and sulfo-chlorinated oils. Workpiece material was medium carbon steel. A HSS tool was used for the experiment conducted by using cutting speed of 33.5 m/min and feed rate of 0.24 mm/rev. In the MCDM model four non-beneficial criteria were selected such as cutting force (Fc), thrust force (Ft), wear land (WL) and processed surface roughness (Rrms). The quantitative assessments of 5 cutting conditions i.e. alternatives with respect to considered criteria are given in Table 6 . Rao ( . For the comparison purpose, in this paper the same criteria weights were used for the ROV method-based analysis. Following the same computational procedure as explained in detail in the previous case studies, the complete ranking of the considered cutting fluids is obtained. The computational details of the ROV method for solving this cutting fluid selection problem are given in Table 7 . Again, since there were no beneficial criteria, ui + values for all alternatives are equal to 0. As could be observed from Table 7 it is understood that the sulfo-chlorinated oil is the best choice among the cutting fluids considered for the cylindrical turning operation under the given conditions. The last choice is dry cutting. The comparison of the obtained complete ranking of the cutting fluid with those derived by Rao (2007) using GTMA and different MCDM methods is given in Table 8 . From Table 8 it is observed that sulfo-chlorinared and straight mineral oil have been identified as the first and second choice cutting fluids by all MCDM methods. Although there are slight discrepancies between lower-ranked cutting fluids, similar ranking performance of these MCDM methods for this particular machining application is obvious. 
Case study 4
Tiwari and Sharma (2015) compared two MCDM methods, i.e., simple additive weighting (SAW) method and weighted product method (WPM) for the selection of the cutting fluid for turning process of AISI304L. Several environmental friendly vegetable based cutting fluids including different percentage of extreme pressure additives and two commercial fluids (semi-synthetic and mineral cutting fluids) were evaluated considering five criteria: surface roughness (Ra), cutting force (Fc), feed force (Ff), flank wear (FW) and nose wear (NW). Based on experimental data, Tiwari and Sharma (2015) developed the following decision matrix (Table 9 ). For the comparison purpose, in this paper the same criteria weights were used for the ROV methodbased analysis. Since all criteria were considered to be of equal importance, 0.2 weight value was assigned for each criterion. Following the same computational procedure as explained in detail in the previous case studies, the complete ranking of the considered cutting fluids is obtained. The computational details of the ROV method for solving this cutting fluid selection problem are given in Table 10 . Again, since there were no beneficial criteria, ui + values for all alternatives are equal to 0. As could be observed from Table 10 , CCF-II (8% of EP), i.e. canola based cutting fluid with 8% of extreme pressure (EP) additive is the best choice among the cutting fluids considered for the given turning application. The comparison of the obtained complete ranking of the cutting fluid with those derived by Tiwari and Sharma (2015) using SAW and WPM methods is given in Table 11 . From Table  11 it is observed that there exists a good correlation between ranking list obtained by ROV, SAW and WPM methods. It is estimated that correlation coefficient of 0.964 exists between ROV and SAW methods, and that correlation coefficient of 0.786 between ROV and WPM methods.
Table 11
Rankings of the cutting fluids obtained using different MCDM methods
